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ABSTRACT

The objective of this report is to provide information on deep ocean
ambient noise which can be used in sonar system design and analysis.
‘Juidelines are given for estimating wind-generated noise, oceanic ship
traffic noise, bivlogical noise levels, and the composite ambient noise
background. The report also discusses recent measurements and studies
on the directional properties of noise, and on the space-time correlations.

Early and recent reports on ambient ocean noice are reviewed and
evaluated. Some conclusions are drawn on the variability of reported noise
levels in the northwest Atlantic area and on the correlation of wind speed

with respect to noise.

“i-

o e e e et o b 2 e st o i o et Gl s, L B T i AR LR o




UNCLASSIFIED

TABLE OF CONTENTS

Page
Summary and Conciusions e wes s ees eve aes ae. Xi=xiv
Introduction ev  von ase e esr eaa eer aae aee v 1
Sources of Ambient Ocean Noise Cel eee ese sae aaa aae 4
Ambient Noise Spectrum Components [ T . ¢ -1
Survey of Ambient Noise Research ... ... ... ¢ o0 ... 21
Prediction of Wind-Generated Noise P T 11
Prediction of Oceanic Traffic Noise ... .ev vv evs o0ve ... 61
Prediction of Biological Noise Levels P T B |

Estimating the Composite Background of Ambient Noise ... ... 76

Directional F. uperties and Space Time of Ambient Noise ... ... 79
Bibliography ... .0 si vee eae wee ee e wee ees 107
Appendices

A. Wind-Speed Distributions from Oceanographic Atlasla

February through December at 33* N, 67*° W tee eve ees A-l
B. Comparison of Artemis Noise Data with Data from o

Other Areas .. vev  cee  ees see ess sse  ess  eee Bel
C. Excerpts and Data from D, F. Morrison's Report53 on

Noise Data Obtained from the Portland and Bexington

Underwater Test Ranges (England) ... ... ... ... ...C-1

D. Wind-Wave Generation FS S T o ) §

-iji-

UNCLASSIFIED




UNCLASSIFIED

LIST OF ILLUSTRATIONS AND TABLES IN TEXT

Number Caption Page

Fig. 1 Ambient noise spectrum level as estimated for rate of 12
rainfall and frequency,

Fig. 2 Turbulent pressure level spectra, 19 % 12

Fig. 3 Percent of time whale-noise limiting occurred in four 16

logit bands. Measurements during a 12-hour period,
April 15-April 16, 1964, 22

Fig, 4 Ambient noise spectra at the Artemis omnidirectional 22
hydrophone. &

Fig. 5 Ambient noise spectra at the Artemis array up-beam 22
module.

Fig. 6 Ambient noise spectra at the Artemis array down- 23

beam module.

Fig. 7 Veitical patterns at 224 szand 446 Hz frequency of 25
Artemis up-beam module.

Fig. 8 Vertical patterns of 891 Hz frequency of Artemis 25
down-beam 1nodule. .

Fig. 9 BTL median ambient noise spectrum levels in 27
Northwestern Atlantic,

Fig. 10 A, D. Little idealized average spectra of ambient noise. 6 27

Fig..11 ldealized composite spectra of traffic and sea noise 29
compared with Artemis spectra.

Fig. 12 Standard deviation vs, wind speed interval,® 29

Fig. 13 Signal-to-noise ratio as a function of the number of 32
elements.

Fig. 14 Sets land I, !1 32

Fig. 15 Sets Il and Iv. !1 . 33

Fig. 16 Dependent sets X, Y, and Z,1! 33

*
Number identifies the reference to the paper from which this figure
is reproduced.

aive

UNC LASSIFIED




UNCLASSIFIED

Number Caption

Fig, 17 Surface wind roses, January (from Oceanographic
Atlasl8),

Fig, 18 Cumaulative distribution of wind speeds ior January.

Fig. 19 Cumulative probability distribution data from
Refs. 22 and 18.

Fig. 20 Combined wind speed distributions (weighted),

Fig. 21 Wave spectrun curves, 18

Fig. 22 'Wind speed distribution (weighted) for wind rose at
33* N, 67°W. For curve (a) mean = 11 knots, std.
deviation = 10 knots. For curve (b) mean = 10 knota,
std. deviation = 8 knots,

Fig. 23 Correlation of ambient noise level with wind speed,
wave height.

Fig. 24 Ambient noise spectrum levels at 225, 45v, 900, and
1400 Hz,

Fig. 25 Ambient noise spectrum levels vs. wind speed, sea

. state, and wind force Beaufort numbers.

Fig. 26 Composite of ambient noise spectra (from Wenz19).

Fig. 27 Traffic-noise spectra deduced by Wenzl9 from ship-
noise source characteristics and attenuation eiiects.

Fig. 28 Distant traffic noise spectra. 6

Fig. 29 Idealized average spectrum of ambient noise (1962)
from Ref. 28.
*See following Table XII for correspondence of shipping
curves with ocean areas.

Fig. 30 Ambient-noise levels produced by croakers and snapping
shrimp.

Fig. 31 Time delay correlograms in the octave 200-400Hz for
various wind speeds and vertical hydrophone separations.

Fig. 32 Time delay correlograms in the octave 1-2 kHz for

various wind speeds and vertical hydrophone separations.

-y

UNCLASSIFIED

44
47
51

53

56

57

58
62

66

68

72

80

80

Sy ity =t omt




UNCLASSIFIED

Number

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

33

34

36

.37
. 38

39

. 40
. 41

42

43

44

45

46

Caption Page
Correlogram types as dependent on wind speed and 82
frequency.
Simple visualization of two kinds of ambient nolse. 34 82
Theoretical and observed contour maps of ambient- 83
noise correlation coefficient on normalized coordinates 4
of time delay (horizontally) and separation (vertically).
Clipped correlation coefficient as read from correlograms 86
plotted against separation in feet for two wind speeds
and two steering arrays. The upper figure illustrates
the simple array considered in an example.
Volume and surface noise modele.49 88
Geornetry for volume-noise model, 49 88
Geometry for surface-noise model with one ret:eiver.49 89
Geometry for surface-noise model with two receivers, 49 89
Experimental values of the spatial correlation compared 92
with the theoretical curves for radiation pattern cosPa
at 22 Hz and horizontal separation.
Experimental values of the spatial correlation compared 92
with the theoretical curves for radiation pattern coshg
at 32 Hz and horizontal separation.
Experimental values of the spatial correlation compared 93
with the theoretical curves for radiation pattern cos®g
at 45 Hz and horizontal separation.
Experimental values of the spatial correlation cornpared 93
with the theoretical curves for radiation pattern cosPq
at 63 Hz and horizontal separation.
Experimentil and theoretical values of the space~time 95
correlation at 45 Hz and horizontal separation distance
d/x = 0,2 .,
Experimental values of the spatial correlation compared 95
with the theoretical curves for radjation pattern cosPg
at 250 ¥z and vertical separation.

~vi~

UNCLASSIFIED




UNC LASSIFIED

Number

Fig. 47

Fig. 48

Fig. 49

Fig. 50

Fig. 51

Fig. 52

Fig. 53

Fig. 54

Fig. 55

Fig. 56

Fig. 57

Fig. 58

Caption Page
Experimental values of the spatial correlation compared 96

with the theoratical curves for radiation pattern cosPq
at 400 Hz and vertical separation,

Experimental values of the spatial correlation compared 96
with the theoretical curves for radiation pattern cosPa
at 500 Hz and vertical separation, 14

Experimental values of the spatial correlation compared 97
with the theoretical curves for radiation pattern cosfa
at 800 Hz and vertical separation.

Experimental values of the spatial correlation compared 97
with the theoretical curves for radiation pattern cosBq
at 1131 Hz and vertical separation. 14

Best {it to experimental spatial correlation curves at 99
5S5 and vertical spacing at 500- 1131 Hz, 14

Experimental and theoretical values of the space- 99
time correlation at 400 Hz and vertical separation
distance dA = 0.4 14

Time delay corresponding to principal maximum 101
as a function of separation distance and compared
with theoretical curves at 125, 250, and 500 Hz, 14

Time delay as a function of separation distance at 102
180, 400, 800 Haz.

Time delay corresponding to principal maximum as 102
a function of separation distance at S§3 and 5 for

1131 Hz, 14

Experimental map of the space-time correlation of 105

ambient sea noise for vertical elements at 800 Hz, sea
state 6. \\\\: Negative correlation. @:Zero. e: Largest peak.5

Map of the experimental and theoretical (Ref. 46) 105
space~-time correlation for vertical elemegts at
800 Hz, —: Fxperimental, ---: Liggett.

Map of the experimental and theoretical (dipole 105
surface sources) space~time correlation for

vertical elements ag 800 Hz., ---: Dipole model.
——: Experimental,

-vii=

UNCLASSIFIED




UNCLASSIFIED

Number Caption Page

Table 1 Sources of Underwater Ambient Noise 5~6

Table II Principal Components of Prevailing Ambient 19
Noise in Deep Ocean

Table III Index of Reports and Papers by Subject - Authored 31
by T. Arase, E. Arase, et al.

Table IV Wind Speed Cumulative Frequency Distribution Data 39

Table V  Tabulation of Cumulative Wind Speed Observations 42

at the Four Wind Roses and Weighted Averages

Table VI Combined Weighted Cumulative Percentages for 43
Four Wind Roses

Table VII Approximate Relation Between Wenzw Sea Criteria 48
of Wind Speed, Wave é{eight and Sea State, and the
Qceanographic Atlas!8 Sea Criteria of Wave Height
and '"State=-of-the-Sea'

Table VIII Cumulative Distribution Data For Approximate 50
Corresponding Beaufcrt Wind Force Scale, Sea
State Scale, and Wind Speed Range as Kelated
to Oceanographic Atlasl® Data on State-of-the-
Sea Wave Height at 33° N, 67° W

Table IX Maximum Dimensions of the Recurrent Waves of the 54
: Ceean in Relation to Speed of Wind34

Table X Some Comparisons of Wind Speeds and Respective 59
Noise Levels

Table XI Comparison of the Studies on Ship Traffic Density® 64

Table XII Underwater Ship Traffic Noise Types in Certain Areas28 69

Table XIII Some Biological Sources of Sustained Ambient Sea 74
Noise

Table X1V Ambient Noise Data Sheet 71

Table XV Summary of Measured Horizontal and Vertical 103

Correlations for the Arase Modal

-viii-

UNCLASSIFIED

A s e P ANde it e e

R

A AN,




UNCLASSIFIED

LIST OF ILLUSTRATIONS AND TABLES IN APPENDICES

Number

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.

A~1l

A-2

A-3

A-5

A-b

B-1

. B-2

. B-3

B-4
B~5

B-6
B-7
B-8

Caption Page
Wind speed distribution from Atlasl8 for December, A-2

January, and February.

Wind speed distribution from Atlasl8 for March, A-2
April, and May.

Wind speed distribution from Atlas!8 for June, A-3
July, and August,

Wind speed distribution from Atlas!8 for September, A-3
October, and November.

Wind speed distribution curve constructed from A-4
average mean and standard deviation. January
through December, 33° N, 67° W,

Wind speed distribution plotted as square rci%t A-4
speed (July). 33* N, 67°* W, 2544 samples.

Wind :peed distribution plotted as square root A-4
of wind speed (January), 33* N, 67° W, 2660

samples.

Monthly variations of ambient noise near Bermuda B-4
and other areas.

Noige levels vs. frequency in Bermuda, Atlantic B-5
areas. 7» ’

Compgax-ison curves of Artemis and Morrison noise B-6
data, /s

Comparison of noise data for various world areas.9, 19,53 B.7

Noise spectrum level vs. frequency, wind speed,
and sea state.

Monthly ambient spectrum noise level for 446.4 Hz.22 B-9
Monthly ambient spectrum noise level at 891, 1 Hz.22 B-9
Monthly ambient spectrum noise level at 274.7 Hz, 22 B-9
-ix-
UNCLASSIFIED




UNCLASSIFIED

Number

Fig. B-9

Fig. B-10

Fig. C-1
Fig. C-2

Fig. D-1

Fig. D-2

Table B-1
Table B-II

Caption Page
400 Hz spectrum level measured during the year B-10
normalized to 20 knot noise level; wind speed is
the parameter. 9
400 Hz spectrum level v:i. wind speed during B-10
winter and summer.
Background sea noise 1962-1964,53 C-3
Background sea noise in one day SS0 to 851. 53 C-4
A one-dimensional wind wave spectrum, 33 D-3
Wind wave amplitude as a cumulative function of D-3
wave length.3
Comparison of Arase and Wenz Data9‘ 19 B-2
Measured Ambient Noise Levels and Corresponding B-3

Wind Speed, Sea-State and Beaufort Force Numbers

-X=

UNC LASSIFIED




UNCLASSIFIED
SUMMARY AND CONC LUSIONS

Summary

This report is a compilation of deep ocean ambient noise information,
Its purpose is to serve as a reference wource of ambient noise that can be
used in sonar system design analysis and experimental planning. It alse
provides a set of guidelines for making rough estimates of ambient noise
levels in deep ocean areas whe»e experimental data is incomplete.

A set of guidelines* fcr :stimating noise is constructed for prediction
of wind generated noise, oceanic traffic noise, biological noise levels and
the composite ambient noise background. The compoerite noise level due
to various sources is obtained by adding the noise levels before conversion
to decibels,

The respective noise levels may be estimated in the following steps:

1. Estimate wind-generated noise by using the ocean::graphic atlas

18 This method was developed by the writer in the course of this

charts.
noise study. The manner in which the wind speed data are obtained and
analyzed is described using wind speed charts, wind speed data tabulations,
and probability distributions of wind speeds.

2. Estimate oceanic traffic noise; some typical reports which pro-
vide one set of data cn éhe density of ships in data on ships are by C. R.
Rumpel, 40 Wenz, 19 and Weigle and Perrone, 6

3. Estimate peak biological noise levels with respect to day,
month, season, etc, from literature on density and distribution of marine

23,24

life. Determine when the biological noise peak effectively overrides

other noise and blanks out the receiver.

* . : s : .
Guidelines for estimating noise have also been developed by others. X
Reference 28 refers to guidelines used in estimating noise levels; however, .
the basic guidelines do not appear in the referenced reports, '
“xis
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In the past deczde, increasing attention has been directed to other
characteristics of underwater noise. Measurementa and studies have been
performed on the directional properties of noise, and on the space-time

3 and

correlations. Two current studies of interest are by R, J. Urick,
E. M. Arase and T. Arase. 14 In his paper Urick hypothesizes two different
noise types in a ''mix" that depends on sea state and frequency. E, M. and
T. Arase interpret ambient-noise correlograms in terms of sea-surface
noise radiated with an intensity propcrtional to cos®a . Some valies of
n=0,1/2, 1,2 were examined for different ranges of sea stite and
frequency. It was found at 250 Hz and aea state 5 that the data fit the

cosl/z a model; at 400 Hz and above, for sea state 5, they found that a
uniform distribtuion of cos a radiators gives a good fit for spatial and
principzl peak of space-time correlations. At 400 to 1130 Hz, for sea

state 3, they could not get any satisfactory fita to the theoretical model;

a possible explanation, advanced here, is that at the receiver, for this

sea state and frequency range, the magnitudes are the same order for the
oceanic traffic noise and the sea-state noise,

The statistics of ambient noise are discussed in ar internal Hudson
Laboratories report by E. M. and T, Arase. 1 1 their study they discuss
the ambient noise statistical properties measured with an array of 30 to 60
elements. Although the noise distributions appear to be grossly normal,
they show by means of the Kolmogorov-Smirnov tests that in general the

distributions were nonstationary.

Concluaions

1. Yearly noise median.

~xii-
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Thore is no significant difference in the Artemis-Bermuda area
among the yearly median noise levels reported by BTL (1%2)28 for the
northwest Atlantic area, E. M, Arase and T, Arase (1966), 14 Weigle and
Perrone (1%6),6 and Hasse (1966).22 The difference in median noise
levels between any two researchers rarely exceeded 4 dB,

2. Seasonal medians.

Winter season noise level medians in the Artemis area are not in
close agreement, From Hasse?? the winter season average noise level is
-28 dB, whil2 Arase8 gives ~34 dB. No explanation is available for the
différence; it remains to be resolved. (C)

Summer noise levels in the same area (Artemis) agree closely; the
differences among Hasse, Arase, etc. are not more than 2 dB.

3. Correlation of wind speed and noise.

In the Artemis area it was shown(" 8

that thfs wind speeds and wind-~
generated waves correlate very well k80 to 95 percent) with measured noise
levels. Where similar close correlation between wind speed, waves and
noise levels holds in other ocean areas, it is possible to use wind speed

data (Oceanographic Atlas) to estimate monthly, seasonal, and yearly noise

levels for the frequencies at which wind-generated noise is dominant. But, one

must be careful in using the wind estimation technique. Wind speed by itself
is a rough measure of noise; needed alsc are data on the 'fetch' and duration
of the wind. * An example of this is the Arases' 1'epoz't9 in which a 5-dB
difference is shown for the same wind speed in winter and in summer; the

probable reason is that wind speeds in the winter season had a greater

*
For a tutorial paper on '""Wave Forecasting' see C. L. Bretschneider33

paper.
=xiii-
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“fetch'' and duration than in the summer season, Therefore, when estimating
noise levels from wind speeds a weighting factor corresponding to the
season should be used. This weighting factor is related to the 'fetch' and
duration of the wind, and the generation of waves.
4. Oceanic traffic noise.
.ppears from the literature that it is difficult to take the observed
data and separate oceanic traffic noise from wind-generated noise. Some

28,6

reports attempt to do this, but it is not at all clear how it is done.

The oceanic traffic noise estimates are based on studies of oceanic shipping

: 1
patterns; in cne casc Wenz

9 admits an uncertainty factor spread of 10 dB
in eatimating the noise generated by a single ship. A
This uncertainty factor is additive when summing up the total noise
source contributions from a number of ship noise sorces.
5. Directivity and space-time correlation,
The Artemis measurements indicate that the ambilm.t noise field
is anisotropic. The noise field directivity has a timeAva.riability; it is
also a function of frequency, wind speed and ocean shipping distributions.
An effective directivity index is usually used in analyzing system performanca.

This effective directivity is defined to be the signal-to-noise gain of the

module relative to that of the reference omnidirectional hydrophone,

=xive
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INTRODUCTION

Ambient noise is but a part of the overall background nu.se in a
sonar surveillance system. The overall background noise comprises the
following:

1. Ambieut noise that is a property of the medium itsel¢,

2. Solf noise caused by the equipment and/or platform and

noise” due to wi ter currents about the hydrophones and
movements of the hydrophones,

3. Reverberation noise that refers to unwanted returns due to

active sonar backsrattering from myriad scatterers in the ocean,

This report discusses only deep ocean ambient noise. The subjects
of self noise and roverberation will be treated separately in sul.sequent
reports.

The first comprehensive survey of ambient noise data was made
during World War II by Knudsen et al.r1 in which ambient noise was corre-
lated above 20C Hz with sea state and/or wind force. These average curves
became standard for all urnderwater sound calculations until 1952, About

2.3 ngL,t

that time researchers at Hudson L.abox;atories, and Rell Telephone
Laboratoriess noted that ambient noise. level: below 300 Hz, 200 Hz, and

100 Hz often fall belovs the Knudsen éurves and do not correlate well with

the sea state. It was suggested that distant oceanic shipping - :'d account
for the low-frequency ambient noise. Re-examination of exi. - data

shows that ambient noise spectra in the deep ocean could be de sibed in

terms of two ovarlapping spectra:

*
This noise is sometimes considered as part of the "ambiesn" noise of
the medium; it is not so in the true sense of the word., However, it is very
difficult (if not impossible) to separate this type of self noise from the ambient.

-1-
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1. a mediunmi frequency spectrum (10 to 500 Hz) attributable
tc distant shipping,
2. 2 high frequency spectrurn (20 Hz to 2 kHz) dep-endem on
state of the sea.
Since 1954, the results of a large number of ambient noise measurentents
have added substance to the concept of the ambient noise spectra in tke
deep ocean. Also, studies of directivity, fluctuations, and correlations
have added other dimensions to the ambient noise picture.

Since March 1963 a rcntinuing ambient noise imeasurement program
has been carried out by resident personnel at the USL, Bermuda Research
Detachment. F, G. Weigle and A. J. Perrone in their latest report6 give
the results of a 23-month study of the noise spectra observed with three
types of Artemis receivers, the three receiver types being an omnidirectional
hydrophone, a down beam array, and an up beam array. A common feature
noted from three sets of corresponding curves was that the observed levels
were more subject to changes in wind speed at the higher frequencies than
at the lower frequencies (i.e., below 178 Hz). E. M. Arase and T. Arase,
of Hudson Laboratories, from 1963 on, have carried out a’rontinuing pro-
gram of Artemis arbient noise rescarch studies. Their work has covered
ambient noise spectra, sea state and wind dependence, and correlation of
wind and noise, 710 404 has been mainly concerned with noise statistica“
and the directiona’ properties and space time correlations of ambient
8-10, 12-17

noise. The results are important in predicting the parformance

of Artemis type scnar arrays in nonisotropic noise fields,

2=
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A method for estimating wind-generated noise by use of the Oceano-
graphic Atlas Chart!® is developed and discussed. The ambient noise levels
derived from the estimated wind level agree reasonably well with the actual
noise measurement median levels in the Artemis Bermuda area. This
holds fairly well for frequencies (1J0 Hz to 1000 kHz) at which wind-generated
noise is dominant, Since wind speed by itself provides only the basis for a
rough estimate of noise, data on 'fetch'* a:d duration of the wind are also
needed,

This report describes and collates much of the significant ambient
noise research carricd out to date. Attention is focused on <eep ocean
ambient noise sources, spectral characteristics, wind noise, oceanic traffic
noise, biological noise, statistical characteristics and directional praoperties.
It provides a set of guidelines for estimating ambient noise levels in a

deep ocean area,

-3a
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SOUXCES OF AMBIENT OCEAN NOISE

Table I lints the sources of ambient noise along with the frequency
band, spectrum slope, dependence, cause, and maximum level. The
principal sources of interest to this study are oceanic ship traffic, hydro-

dynamic, * and biclogical.

1. Oceanic Traffic Noise

Traffic noise characteristics are determined by the mutual effect
of three factors: transmission loss, number of ships, and the distribution
of ships. The noisa characteristics also depend on the nature of the
source; however, the base is usually broad so that individual source
differencus blend into an average source characteristic. Wenz“’ in his
review of surface ship necises indicates that the average sound-pressure-
level spectra have a slope of about -6 dB per octave The spectrum is
highly variable at frequencies below 1000 Hz; under certain circumstances
the slope tends te flatten in the neighborhood of 100 Hz. This source-
spactrum shape is altered in transmission by the frequency dependent
attenuation part of the transmission loss. Variations in the spectra of
the composite set of curves are said tn be caused by differences in source
depth, differences in the shape of the source-noise spectrum, and. differences
in the attenuation at different ranges.

It is known from long-range transmission experiments in deep water
that propagation losses do not fit the free field spherical divergence law

too well; better agreeme 1t with experiment does result if boundaries and

sound velocity structure are taken into account,

* Includes wind-wave, rain, and various weather effects.
-4-
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19

Wenz ’ estimates 105 dBR as the average transmission loss at

100 Hz for a range of 500 miles. At a range of 1000 miles the propagation
loss would be 3 to 6 dB more. The source pressure levels for an average
surface ship in a 1 Hz band at 100 Hz at one yard distances are assumed to
be between 51 dB and 71 dB (relative to 1 pbar) in most instances, There~
fore,. the spectrum level (relative to 1 pbar) at 100 Hz from one average
ship source is -54 dB to -34 dB; assuming power "addition, the spectrum
level at a distance of 500 miles, from 10 ships, would be -44 dB to -24 dB,
From 100 sfxips the spectrum level would be ~34 dB A'to -14 dB., Note that
the effective distance for traffic-noise sour'cea in the deep ocean can be as
much as 1000 miles or more. The conclusion dr%wn bi' Wenz is that the
nonwind-dependent component of the ambient noise at frequencies between
16 Hz and 1000 Hz is traffic noise. While many places are isolated from
traffic noire, in a large part of the ocean trafﬁ‘c noise -i‘s a significant ele-
ment of the observed ambient noise and often dominates the spectra betwe:n
20 Hz and 200 Hz.

In the Bermuda area Weigle and Perrone6 have considered traffic
noise as the most likely source of background noise sec. by the Artemis
receivers at frequencies below 178 Hz, They point out that the observed
noise below that frequency is practically nonwind dependent and is relatively
stable over long periods of time. The results of two studies of ship traffic
density that were pertinent to the Artemis sector of interest are shown "

again in Table XI in the section on ""Prediction of Ocean Traffic Noise,"

7.
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2. Hydrodynamic Sources of Ambient Noise
Ambient noise is often produced by a wide variety of hydrodynamic
proceases. These processes are continually taking place, even at zero sea
state. The main processes are due {o water motion including the effects of
surf, rain, hail, and tides. The various hydrodynamic processes are
discussed furtber:

a., Bubbles and Cavitation

It is believed (Wanzlg). that air bubbles and cavitation produced at
or near the surface of the oceans, as a result of the action of the wind, are
the main sources of wind-dependent ambient noise at frequencies between
50 Hz and 10 kHz. Eoth the level and shape of the observed wind-dependent

-ambient noise can be explained by the characteristics of bubble and cavitation
noise.

Although the wind is the most important generating mechanism,
bubbles are present in the ocean even when the wind speed is below that
at which white caps are produced, ';‘he breaking of waves is not the only
process which creates bubbles; tht-ay are also created by decaying matter,
fish belchings, and gas seepage from the sea floor. There is also evidence
of the sxistence of invisible microbubbles in the sea a_nd of the occurrence
of gas supersaturation of varying degree near the surface. These micro-

. bubble nuclei grow into visible bubbles as a result of temperature increases,
pressure decreases, and turbulence associated with surface waves. As
the bubles rise to the surface, they grow in size and are subjected to
transient pressures; this induces the oscillations that generate the noise.

On relatively quiet days, when there is no wind, bubbles have been seen to

-8-
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emerge from below the water surface, sometimes persisting for a time as
foam, and then to burat at the surface. At sea state zero, therefore, it is
possible that nonwind dependent bubbles are significant contributors to
underwater ambient noise. However, the surface agitation resulting from
wind effects is the important process which produces an effective, highly
efficient noise sound source in the form of oscillating bubbles,

Exact predictions of bubble noise in the ocean cannot be made because
of insufficient observational data. However, some rough appraisalsl9' 20
have been made on the radiation of suund by air bubbles in the water., The
natural frequency of oscillation for the zero mode is

1,172 -1
£, = Bypgp ) (2rR) m

where vy is the ratio of specific heats for the gas in the bubble, Py is
the static pressure, p is the density of the liquid (ocean water), and Ry
ishthe mean radius of the bubble. The amplitude of the radiated sound

pressure at a distance d from the center of the bubble is

-1
P, = 3ypy T d (2)

where r, is the amplitude of the zero mode of oscillation, The zero mode
refers to single volume pulsatici s, Only the zero oscillation mode is con-
sidered here because energy in the higher orders of free oscillation of the
bubbles is negligible., Furthermore, in the case of forced oscillations, the
sound energy tends to be concentrated at the natural frequency of oscillations
of the zero mode; in some instances, however, the frequencies associated
with the environmental fluctuations may be below the natural frequency of

bubble oscillation.
-9a

UNCLASSIFIED




UNCLASSIFIED

The natural frequency is inversely proportional to the bubble size,
and the radiated sound pressure amplitude is directly proportional to the
bubble-~oscillation amplitude. In general, it is expected that the spectr\;m has
a maximum associated with either a predominant bubble sizc or a maximum
bubble size; the exact shape of the spectrum will depend on the distribution
of bubble sizes and of amplitudes of oscillation,

Using Eqs. (1) and (2), it was found that a spherical air bubble of
mean radius 0.33 cm in water at atmospheric pressure, oscillating with
an amplitude of 1/10 the mcan radius (x'o = 0.1 Ro) , has a simple source
pressure level at 1 m of about 59 dB above 1 pbar at a frequency of about
1000 Hz. 19 For a frequency of 500 Hz, the mean bubble radius is about
0.66 cm, and, for the same amplitude-to-size ratio, the source level is
6 dB higher.

The maxima in the observed wind-dependent ambient spectra occur
at frequencies between 300 Hz and 1000 Hz; this corresponds to bubble
sizes of 1.1 to 1,33 ¢cm in mean radius. This is a reasonable order of
magnitude. The characteristic broadness of the maxima in the wind-dependent
ambient noise spectra can be expiained if one asaumes that in the surface
agitation the bubble gize and energy distributions are not sharply concentrated
around the averages. The ambient noise high-frequency slope (-6 dB per
octave) above the maximum value agrecs with that of the bubble noise.

The shape of the spectrum* of wind-produced cavitation noise?! ia

similar to that of air bubble noise. The aniplitude of oacillation due to

*
See Fig. 26 for curves of wind-generated noise spectrum,

-10-
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cavitation is usually greater. This results in higher noise levels for vapé:
cavities than from the simple volume pulsations of gas bubbles. Cavitation
is produced at or near the surface as a result of the action by he wind; it
increases in intensity with the increase in wind-wave agitation

It may be concluded on the basis of the current evidence that air
bubbles and cavitation produced at or near the surface are the main source
of the wind-dependent ambient noise at frequencies between 50 Hz and 10
kHz.

b. Water Droplets and Precipitation

A spray of water at the surface of the sea will cause radiation of
underwater noise. The noise is generated by the impact and passage of the
droplet through the free surface. Moreover, air bubbles are usually trapped
so0 that the total noise includes contribution from the bubble oscillations as
well, The noise spectrum has a broad maximum near a frequency equal
to twice the ratio of the imnpact velocity to the radius of the droplets,
Toward low frequencies the spectrum decreases at a rate of ! or 2 dB per
octave, At frequencies above the maximum, the slope approaches -5 or
-6 dB per octave. The impact part of the radiated sound energy increases
with increase in droplet size and iimnpact velocity. However, the relation
is modified somewhat by the bubble noise, particularly at intermediate

velocities.

Estimateszo

of noise spectrum levels due to rain (see Fig. 1) indicate
that rain exceeding a rate of 0.1 in./hour wiil raise the noise levels and
" flatten the spectrum at frequencies above 1000 Hz under sca-state | conditions.

In many instances higher wind speeds occur simultaneously with the rain.

The resultant noise ievel in thess instances is predominantly due to

=11~
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wind-dependent surface agitation rather than rain impact on the surface.
At 400 Hz the increase in noise level due to rain has been observed to be
about 2 dB over the same wind speed condition without rain.

c. Surface Waves {Subsurface Pressure Fluctuations)

A surface wave is a fluctuation in the elevation of the surface of a
body of water; this causes subsurface pressure fluctuations. Wenz.19
indicates that the maximum of the ener vy spectrum occurs at frequencies
below 0.5 Hz at wind speeds of Beaufort Force 3. As the wind speeds
increase, the maximum noise energy level moves to lower frequencies,
The effective frequency range of thks noise source is well below 10 Hz,

d. Turbulence

Turbulence refers to the condition of unsteady flow with respect to
both time and space coordinates.

Turbulunce in the ocean occurs (1} at the ocean floor, particularly
in coastal areas, straits, and harbors; (2) at the sea surface because of
the movements and agitation of the surface; and (3) within the medium as
a result of horizontal and vertical movements, such as advection, convection,

19

and density currents. In his review, Wenz ’ concludes that noise radiated by
turbulence does not greatly influence the ambient noise; but he indicates
that turbulent pressure fluctuations are an important component of the noise
below 10 Hz, and sometimes in the range from 10 to 100 Hz. Turbulent-
pressure spectra derived by Wenz are shown in Fig. 2. The curve at the
top shows the effect of extreme tidal currents,

e. Seismic Sources

A brief survey indicates that noise from earti:quakes may be noticeable

at frequencies between 1 Hz and 100 Hz; in general the spectrum has a

«13-
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maximum between 2 and 20 Hz, However, such effects are transient and
highly dependent on time and location, This suggests the possibility that
some of the variability in ambient noise spectra in this frequency may be a
consequence of seismic background activity.

It ia conceivable that significant noise from lesser, but more or
less continuous, seismic disturbances may be possible when ocean current
velocities, turbulence, and oceanic traffic noise are at a minimum.

f. Biological Sources

Noise of biological origin covers a wide range of frequencies:
10 Hz to 100 XHz. Most of the noise energy from marine life is concen-
trated in the region between 100 Hz and 800 Hz. The contribution of biological
noise to the ambient noise in the ocean varies with frequency, with time,
and with location. Noise having the distinctive nature of biological sounds
is often readily detected in the ambient noise; the biological source, however,
is not always certain.

In some cases diurnal, seasonal, and geographical patterns may be
predicted from experimental data, or from the habits and habitats of known
noisemakers.

22 in a recent report indicates that in the Bermuda area

(C) Hass‘e
biological noise has not, in general, been a problem to the Artemis system;
however, at certain times and/or at certain receiver module locations,

the effects of biological noise have been severe, Noise from whales is a
seasonal problem, with the worst conditions persisting generally over the

latter three to four weeks in April, The greatest whale noise occurs from

dusk to dawn during the period of whale activity., Observations made in

-14-
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a 12-hour period (15-16 April 1964) during a period of whale activity
indicated that the receiver was whale-noise limited at 446 Hz for 77% of
the time. Whale-noise to sea-noise ratios ranged to a maximum of 27 dB
with ratios of 8 dB being the most frequent. This is shown in Fig. 3 along

with three other frequency bands. The band centered at 224 Hz is the most

affected of the four frequency bands; it is whale-noise limited 80% of the time. (C)

From publications showing the distributions of sharks and whales
throughout the North Atlantic Ocean, it appears that the Bermuda area is

23-26 giom these

the sparsest (marine life) populated in the North Atlantic.
references it would seem that biological noise sources could be significant
and serious to the ambient noise background in the frequency region below
1 kHz.

In conclusion, when determining the ambient noise background for
a particular area of ocean, it is important to estimate the magnitude, loca-
tion, and other characteristics of the biological noise sources.

g. Sonic Boom Sources

The introduction of the Super Sonic Transport (SST) into commercial
airr service in the 1975 era may result in a nevr source of underwater ambient
noise in some ocean areas, Shock waves are a normal consequence of
supersonic flight in the atmosphere; they pass over the ground and ocean
surface and result in excess pressures of 1 to 3 pounds per square foot
(psf). As the shock wave travels over the ocean surface, a certain amount
of the energy will be transformed into underwater noise,

It is not possible at this time to ascess the magnitude and other

characteristics of the underwater noise generated by the sonic boom. The

15«
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logit bands, Measurements during a 12-hour period,
April 15-April 16, 1964, 22
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x:lﬁanner in which the sonic boom energy may be transformed into underwater
noise is not clearly understood at this time, * One possible mode of energy
transformatiqn may involve the refraction of the incident sonic boom ray,

at the ocean surface, into the water. Another possible mode of energy
transformaticn may involve the cavitation (and subsequent noise) induced

by the negatiﬁg pressure points in the sonic boom "N'' wave; this cavitation
process might be enhanced by the usual presence of bubbles just below the

ocean surface.

*

A more detailed deacription and discussion on the sonic boom noise
source is contained in Hudson Laboratories Technical Memorandura
No. 85, On the Sonic Boom Generation of Ocean Noise, by A, Barrios.

-17-
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AMBIENT IQISE SPECTRUM COMPONENTS

A simplified model of the ambient noise spectru‘x%i‘, by Wenzlg

. resolves the spectrum between 1 Hz and 10 kHz into several overlapping
subspectra (see Table II}. Atthough the ;affects of marine life, nearby
ships, explosions, industrial activity, etc. ate not included, the Wenz
model provides a good starting point for ;.mderstanding the complexities
of '.mder\»:ater ambient noise. Later one may add to the bagsic model the
effects 6f marine life and of any other additional sources that may be
significant contributors in a particular location and time.

The basic ambient noise spectrum model is resolved into three

overlapping subspectra:

1. Ambient Turbulence Spectrum

This is a low-frequency spectrum with a -8 dB to -10 dB per octave
spect‘rumle\'el slope in the range of 1 Hz to 100 Hz, A comparison of low-
Ireq\x;ncy noise measurements made in five different areas by Wenz19
indichtes that the noise level may differ by 20 to 25- dB fron;x one place to
another and from one time to another. The -8 dB to -10 4B spectrum slope
may not always be true. Between 10 Hz and 100 Hz the spectrum may
sometimes flatten and may even show a broad maximum; however, in other

instances the spectrum slope shows litlle or no change from the slope below

10 Hz,

2. Nonwind-Dependent Spectrum
The nonwind-dependent spectrum is in the range of 10 Hz to 1000 Hz,

The maximum level is between 20 to 100 Hz. Above 100 Hz it ordinarily,
-18-
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but not always, falls off rapidly. The most probable source is oceanic

traffic.

3. Wind-Dependent Spectrum
The wind-dependent spectrum is in the range of 50 Hz to 10 kHz
with a broad maximum between 100 Hz and 1000 Hz; above 1000 Hz, the
spectrum slope is -5 dB or -6 dB per octave. Above 500 Hz the effects
of wind-generated ambient noise always prevail, The most probable source

is bubbles and spray due to surface agitation by the wind.

-20-
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SURVEY OF AMBIENT NOISE RESEARCH

A continuing program of ambient noise measurements has been
carried out as a part of the Artemis research studies. The Artemis investi-
gations of ambient noise have used two approaches. One has been the
long-term measurements consisting of automatic broad-band recording
of the outputs of many sensors, providing two-minute noise samples on
magnetic.tape every two hours; the other approach has involved short-term
measurements consisting of continuous recordings of the filtered outputs
of one or more selected sensors for periods of hours or days made at
irregular intervals in pursuit of specific points of interest, Correlative
environmental data in the form oi wind speed and direction and wave height
havebeenrecordedfor both long- and short-term measurements. The long-
term measurements have to date extended over a two-year period and cover

ten contiguous logit frequency bands in the interval of 100 to 1000 Hz. (C)

1. USNUSL Artemis Noise Measurements

The latest available report is (dated Dec. 1966) "Ambient Noise
Spéctra in tixe Artemis Receiver Area," by F. G. Weigle and A. J. Perone. 6
Results are presented of a 23-month study of the noise spectra observed
with three types of Artemis receivers of Bermuda, The data were grouped
in 10 wind speed intervala between zero and 50 knots and examined at 10
logit frequencies between 112 Hz and 891 Hz, Curves of spectrum levels
versus frequency are shown for an omnidirectional hydrophone (Fig. 4),
an up beam array (Fig. 5), and a down beam hydrophone array (Fig. 6). A
common feature noted from the three sets of curves is that the observed levels
are more subject to changes in wind speed at the higher frequencies than at

the lower frequencies. (C)
«21-
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A comparison of the spectra in Figs.4, 5, and 6 indicates that the
shapes are quite similar in all cases. Corresponding levels differ by 4 dB
at the most and generally fall within a 2-dB spread among the three receivers.

Greatest deviation cccurs between the omnidirectional hydrophone
and the up beamn module at the lower frequencies (near 178 Hz) and at low
wind speeds. * In this region the module outputs are relatively high, as
might be expected from a consideration of the vertical pattern (Fig. 7)
of this module. It has been concluded that the ocbserved noise at those fre-
quencies originated as traffic noise at long ranges. Such signals would
arrive at the Artemis receiving array as low angle arrivals centered around
13* from the horizontal., The up beam module is, of course, designed to
favor reception at an angle 13® above the horizontal and will tend to reject
local surface noise more effectively than will the omnidirectional hydro-
phone; hence the up beam module will demonstrate a greater response
to traffic- originated noise than will the reference hydrophone. (C)

The same argument can be applied to the down beam module, How-
ever, in this case the argument is modified to include the fact observed in
past Artemis propagation measurements that some portions of the signal
energy arriving along low-angle paths (below -13* from the horizontal)
will actually reflect upward from the "knee' of the slope of Plantagenet
Bank and be scattered away from the receiver. This may account for the
fact that the received signal levels at the low frequencies are lower in the

case of the down beatn module than they are in the case the up beam module.

*
Received signals at the low frequencies are much lower when the down
beam module is used.

~24-
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Fig. 7

Fig. 8

Vertical patterns at 224 Hz and 446 Hz frequency of
Artemis up-beam module. 6

o se1CPY

Vertical patterns of 891 Hz frequency of Artemis
down-beam module,

_25.
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Finally, the exaggeration of the peak at 562 Hz observed in the
spectra for the down beam module (Fig. 6) is very likely associated with
the strong upward-directed side lobes seen in the vertical pattern of the
hydrophone receiver (Fig. 8) at the highest frequencies. (C)

The down beam module does not discriminate as effectively against
local surface noise as does the up beam module, but neither does it show
as high z response to low-frequency distant traffic noise.

, A comparison of Artemis6 data can be made with that reported by
Walkinshaw27 of BTL.* In Fig. 9 the raedian Artemis ambient noise spectrum
for the case of the omnidirectional receiver is superimposed on the BTL
curves of median ambient noise spectx-;um levels in the Northwestern
Atlantic. The BTL median curve is a composite spectrum obtained from
observations at many locations. The upper and lower curves observed at
different locations are the respective limits of the individual median levels
observed at the differeat locations. The shape correspondence between the
Artemis curve and the BTL curve is generally good except at 891 Hz where
the difference is 5 dB. (C)

Another ambient noise summary was reported by A, D, Little, Inc. 28
The portion of these idealized average ambient noise spectra comparable to
the Artemis data reported here are reproduced in Fig.10. The dashed curves
respresent estimated noise due to shipping {or a receiver in the Bermuda
area. The solid-line .urves represent sea-generated noise at the wind
speeds indicated.

A composite ofthe idealized curves can be constructed by adding

the power of the curve due to average shipping noise in the Bermuda area (Fig. 10}

*
See Appendix B for comparison of Artemis data with data from other areas.
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with each one of the sea-generated wind-wave noise curves in turn, To
accomplish this, a straight line extrapolation of the shipping noise curve
tetween 500 Hz and 1000 Hz is assumed. In Fig.11 the resulting composite
spectra are shown and compared with the Artemis data from Fi-g. 4 at

the four wind-speed intervals in closest correspondence. The Artemis
data tend to predict a high ambient noise level with a maximum difference
of about 5 dB at the highest frequencies. The two sets of data agree
reasonably well in overall shape, supporting the prediction of ADL con-
cerning the contribution of traffic noise at the low frequencies, The curve

19 who attributes the spec-

shape is also in reasonable accord with Wenz,
trum from 50 Hz to 10,000 Hz to a wind mechanism with a broad maximum
occurring between 100 Hz and 1000 Hz, (C)

A pattern common to all three wave types is apparent in the values
of standard deviation plotted by Weigle and Perroneb in Fig. 12, This
pattern does not appear to relate the standard deviation to sample size in
general, but to other factors. In Fig. 12 the resultant standard deviations
are plotted at each of ten wind-speed groups for four frequencies. The
standard deviation at 446 Hz and 224 Hz increases as the -wind speeds fall
below 35 knots; the number of sample points increase as the winds drop
from 35 to 6 knots. Above 35 knots the sample sizes are small and the
deviations larger, as expected in such circumstances, At lower frequencies,
the standard ‘deviation becomes less dependent on wind speed, and at the
lowest frequency (112 Hz) it is practically independent of wind speed.
Finally, while the values of standard deviation demonstrate a dependence
on frequency at low wind speeds (below 20 knots), no such frequency depend-

ence is observed at higher wind speeds. It appears that the ambient noise
-28-

CONFIDENTIAL




CONFIDENTIAL

— ARTEMIS DAIA

meme A.D. LITTLE COMPOSITE

20
E
g 21423 KNOTS
A - i Poe
3 [ RAT0d
]
: 1620
: O SRR W AP
: ~-af.
g '--u-._ ilg
; i B W P el
£ T T v
o \‘\Q’" 3=
~ ,,:: ~
1=
w ‘F&-
-850

100 200 300 400
SREQUENCY IN CPS

00 400 700 800 %00 1000

Fig. 11 ldealized cc..iposite spectra of traffic and sea noise
compared with Artemis spectra.
NQ. Cf SAMMLE POINTS
00w 10 oo 1000 300 0 7 2 %
¢ T T T T T T T T

]

NN AN I I S W TN WA N NN NOUN S NUS SN SO A
& Ll s M"meo S‘II'-III}INY"V:{.I?INON”.” =40 A1~43 4430
Fig. 12 Standard deviation vs. wind speed interval,$
29
CONFIDENTIAL

-




CONFIDENTIAL

levels at 112 Hz are much less dependent upon wind speed; the reason is
that these low-{requency noise levels probably are largely the result of

distant traffic noise at all wind speeds. (C)

2. Hudson Laboratories Artemis Noise Research

The Artemis ambient noise research at Hudson Laboratories has been
conducted primarily by T. Arase and E. M. Arase. Table Il indexes
their work., Some of it has already been referred to in the present report.
The reports and papers on ambient noise directional properties is referenced
and digcussed subsequently in another section,

The most recent work by Arasen deals with the statistics of
ambient noise. Up to this time this subject had not been studied in connection
with arrays, although ambient noise statistics were investigated previously
for single receivers. 29 In the Arase réport data are presented for ambient
noise measured with arrays* of 30 to 60 receiver elements in the frequency
range 300 Hz to 500 Hz. Amplitude samples of noise (2000 to 3000 samples)
were taken at 30-msec intervals; this period was long enough to ensure that
successive samples were independent, Samples were also taken at 1 to 3
msec intervals to obtain dependent sets of samples, Noise statistics were
also taken with random addition of the elements.

Figure 13 shows the signal-to~noise ratio as a function of the
nmﬁber of slements. Figures 14 and 15 show the ambient noise (independent
samples) cumulative distribution for random delays and for a steered array;
ordinate values are the deflection in centimeters and deflection in volts.

Figure 16 shows the noise cumulative distribution for three sets of dependent

”
The arrays were stecred for RSR arrivals,

«30-
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Table 111

Index of Reports and Papers by Subject -

Authored by T. Arase, E. Arase, etal,

Subject References
Review of ambient noise 30, 31
Ambient noise records 7, 8
Spuctra .7, 8,9, 10
Sea state and wind dependence 7, 8,9, 10
Correlation coefficient, wind and noise 7, 8
Precipitation 7
Arabient noise statistics il

Directional Properties

Space-Time correlations 12, 13, 10, 14, 5

Noise gain 15, 8, 9

Effective directivit); index 8, 9 o

Signal/noise calculations 8

Noise models ' 15, 10

Arrays in noise fields 16, 17, 15, 32
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noise samples; these sets vary as much from each other as the steered

and random delays do in the previous figures. Although the distributions
appear to be broadly normal, Arase shows by means of the moment and
Kolmogorov-Smirnov tests that sets [II, IV, and X, Y, and Z exceed the

99% “confidence interval for a Gaussian distribution; stationarity tests

(using the Kolmogorov-Smirnov test) indicated that in general the distributions

were nonstationary.

-34-

UNCLASSIFIED




UNCLASSIFIED

PREDICTION OF WIND-GENERATED NOISE

1. Prediction of Surface Winds

A. D. Litﬂe“) indicates that Oceanographic Atlas charts have been
used to estimate the mean ambient noise level generated by surface winds.
However, the specific atias and the method used is not explained in the
referenced publication. In this report we have determined surface wind
predictions from the Oceanographic Atlas c:hartn18 {for the North Atlantic).
Thesevcharts provide information on the irequency distribution of surface
winds in particular areas of the Atlantic Ocean. The frequency distributions
are derived from data collected over a period of years at various observation
areas. An example of one of the charts is shown in Fig. 17 "Surface Wind
Roses, January." Charts for the other months of the year are aiso pro-
vided in the Atlas.

The coordinates for the Bermuda area are approximately 32° N, 63* W,
The center of the nearest wind rose to the Bermuda area is 33* N, 67* W,
At this wind rose location the cumulative probability distribution in percent
is given in the form of a bar graph; this has been transformed in Fig. 18
to a cumulative frequency distribution of the wind speed for the mont}-x of
January, * From this plot the mean wind speed appears to be 14 knots and
the estimated standard deviation is 12 knots. The wind speeds used in
the curve of Fig. 18 represent the top wind speed for the particular Beaufort
number indicated in the bar graph of Fig. 17. For example: 16 knots is
the top wind speed in Beaufort Force number 4; 16 knots then corresponds

to the cumulative frequency of 59%.

*
See Appendix A for wind speed distributions - February through December,
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Bar graph data on January and the other months of the year were

obtained from the Oceanographic Atlas and tabulated in Table 1V along with
estimated yearly wind speed averages; the cumulative frequency distribution

curve for the yearly median is shown in Fig, 19 with a mean wind speed

o b o s

of 11 knots and an estimated standard deviation of 12 knots, Alsoc shown in

Fig. 19 are three distribution cm-vesz2 for Argus Island, Bermuda based

P -

on measured wind data for the years 1962, 1963, and 1964; tha average

mean wind speed for these three curves is 15 knots and the standurd deviation
is 9 knota, The reason for the difference between the Argus Island mean
wind speed value (15 knots) and that of the estimated mean (11 knots) from
theOceanographicAtlas data is not immediately obvious and subject to

some speculation. Some possible reasons are:

1 AT AT i3 e £

(1) The Argus Island wind speeds were constantly measured and
recorded by the same instrumentation. On the other hand, the Oceanographic
Atlas wind data were obtained by a variety of instruments and observers in
the ocean area (Fig. 17) bounded by the coordinates 30° N to 35° N and
65°W to 70° W; the number of wind speed cbservations totals 30, 000 samples,
One would expect that instrumentation and observation errors would tend
to average out in such a large and diversified sampling of data, It would
appear reasonable to place greater credence on Oceanographic Atlas data
than the data obtained by one instrument at one location. However, the fact
that the Argus Island data are based on three years of measurements makes
these data difficult to discredit,

(2) Another possible reason for the difference in the mean wind speed

.

may lie in the use of the Beaufort wind force numbers. A Beaufort wind

force number of, say 4, includes wind speeds of 11 to 16 knots; a Beaufort

-38-
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number 3 includes wind speeds of 7 to 10 knots, It is possible that a large
number of measured wind speeds tended to fall between 10 and 11 knots;
these measurements might have been lumped in with the Beaufort number 3
(7 to 10 knots) and would skew the frequency distribution toward the lower
Beaufort wind numbers; this in turn lowers the estimate of the near wind
speed.

(3) A third possible reason is that the quadrangle bounded by coordinates
30° N to 35° N and 65° W to 70° W was not truly representative of wind speed
conditions 1t the Bermuda coordinates of 32° N, 63° W. This hypothesis has
been investigated by averaging in the wind rose dat~ in the nearest three
other quadrangles bounded by coordinates: 35° N to 40° N and 60° W io 65° W;
30° N to 35* N and 55° W to 60° W; 25° N to 30° N and 60° W to 65° W. The
data derived from the respective wind rose bar graphs for all months of the
year are tabulated in Tables V and VI along with the data of the quadrangle
at 30° N to 35° N and 65° W to 70° W, Figure 20is a distributign of the
yearly median for the combined four sets of data. The total number of
observations for distribution is over 120, 000 sample points. Note that the
mean wind speed value is now 11,5 knots and that the standard deviation is
16 knots (as compared with 12 knots previously), This result implies that
the mean wind speed in th? greater ocean area around Bermuda is still
approximately 11 knots. However, one is again faced with the fact that
the Argue Island wind data measurements indicate a yearly mean speed of
15 knots. The nearness of the Argus Island wind measuring instruments
to the Bermuda land mass may be the cause: the effect of such a land mass

is to increase the wind speeds in the area.
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(4) Finally we should note that the standard deviations are rather
large with respect to the mcans. Therefore, the differences may be insignifi-
cant between the mean observed Argus wind speeds and the estimated Atlas

wind speeds,

2. State of the Sea and Swell
Waves on the ocean surface are dependent primarily on the wind speeds.
In the Oceanographic Atlas'® the terms "sea' and “swell" describe the
- surface of the ocean. '"Sea' refers to waves generated by local winds blowing
over the water. These waves are short in period, closcly approximate the
direction of the generating wind when considered as a group, appear in com-
binations of various short crested heights, and give the semblance of a
rapidly changing irregular surface.

""'Swell" refers to waves that have progressed beyond the influence
of the generating winds. Swell waves are cozﬁparatively long in period, their
cresty are rounded and usually lower than sea waves, and they are more
uniform in height and direction. The direction of swell is independent of Lue
local wind direction but is essentially the direction of the parent waves when
they departed from the generating area. Generally, sea and swell are pre-
sent in an area at the same time, though on occasion one may obscure the
other,

The sea surface actually consists of a range of differing wave heights,
However, by visuzl observation one usually is capable of estimating only a
single wave height to describe sea, swell, or waves. The estimate of wave
height is based on the average height of the highest one-third of all waves

present at a given time and place; this is the concept of "significant" height.
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It is believed that an observer's judgment is biased toward the higher
waves, which tend to have about the same height as significant waves.
Similarly, visual observation is capable of estimating only a predominant

wave period and direction.

3, Sea Surface Energy Spectrum

In modern practice the sea surface is described by its energy spec-
trum, that is, the distribution of energy in the various frequency components
making up the sea surface. Figure 21 shows theoretical apectra of wave
heights, which are proportional to energy, and wave periods for fully arisen
seas with wind speeds of 20, 30, and 40 knots. Wave spectra for various
wind speeds, wind durations, and fetch distancea have not been fully estab-
lished. Research is still underway to define these spectra more precisely
and to develop a better understanding of how the energy of waves is distri-
buted in regard to the direction of propagation. Instrumental observations
are required to provide the information from which wave spectra can be

determined,

4, Correlation of Wind Speeds and Sea State
The Oceanographic Atlasls also presents state-of-the-gea charts
for the various months of the year., Since waves are dependent primarily
upon wind force it is of interest to see if there is a close relationship
Detween the observed sea-state and wind-speed distributions. To facilitate
comparison it is necessary to transform the sea-state distributions to
equivalent wind-force distributions, Table VI shows the Wenz sea criteria

of wind speed, wave height, and sea state and the Oceanographic Atlas
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Fig. 21 Wave spectrum curves. 18
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sea criteria for wave height. A comparison of the Wenz wave height with the
Atlas reveals some differences for the case of the '"fully arisen sea.' How-
ever, the Wenz and Atlas wave heights are approximately equivalent for
the 12-hour wind criterion. It appears that the Atlas sea criteria on wave
height deal only with waves generated by winds of 12-hour duration.

The Atlas sea criteria can then be transformed into the corresponding
Wenz parameters of wind-force Beaufort numbers, wind-speed ranges, and
wind durations of 12 hours, This transformation has been done in Table VIII,
which shows the approximate Beaufort scale and approximate wind-speed
range (in knots), approximate sea-state number, and corresponding wave
heights and cumulative frequency data (Oceanographic Atlas) for all the
months of the year., The yearly median (unweighted) is also shown for the
wave-height range and corx-'esponding wind-speed range, Weighting does
not appear necessury here since the number of ocbservations for each month
are approximately equal,

Figure 22 shows the cumulative frequency distribtuion for the sea~
state data (wave heights) transformed into equivalent wind-speed values
of Table VIII) also shown is the wind-.speeld distribution curve derived
previously from the wind-speed data of Table VI at the same geo-
graphical coordinates. Comparison of the two curves shows a good degree

18 data derived from observations of wind

of correlation between the Atlas
speeds and from obsgervations of wave heights. However, it is not safe to
draw the general conclusion that this will be so for all situations and
locations. Wind speed alone is a crude and incomplete measurement of the

surface agitation (see Table VIII). Surface agitation depends also on such
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factors as the duration, fetch, and constancy of the wind, arnd its direction
in relation to local conditions of swell, current, and, in near-shore areas,
topography. Subjective estimates of sea state by an observer are not
necessarily an improvement over wind speed as a measure of surface
agitation. For more on 'wave forcasting" and discussion of "significant
height method" and the ""wave spectra method, " refer to the tutoxrial paper

by C. L. Bretschneidor, >

5. Correlation of Ambient Noise Levels with
Wind Speed and Wave Height

Figure 23 shows the correlation of ambient noise level with wind
speed, and also wind spe¢d with wave height. Each point is based on approxi-
mately 4500 observations, 22 over a 24-hour period. It is indicated here that
wind speed is more closely correlated to the ambient noise level than is
the wave height down to about 200 Hz. The effects of the wind on the sea
surface are most pronounced at frequencies greater than 300 to 400 Hz.

Table IX generalizes the results of observations by V. Cornish34
on the maximum dimensions of recurrent waves formed by winds of different
speeds upon the open ocean far from the windward shore. The speeds are
given in statute miles per hour; these must be converted to nautical miles
per hour, An empirical formula by T. Stevenson for relation of maximum
wave height to length of fetch, ""Height = 1,5 X square root of length of
fetch in nautical miles, "' provides estimates which approximate the wave~
height observations of 'fable IX and the wave heights shown in Table VLI
for a fully'arisen sea., It should be noted that although the data of Table IX ave

over 35 ycaras old they provide some rough approximaticus (still used today)
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Fig. 23 Correlation of ambient noise level with wind speed,
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of the relationship between wind speed, speed of wave, wave period, and
wavelength and height, For a more comprehensive treatment we goto the

referenced paper by C. L. Bretschneider.3

6. Eatimating Wind-Generated Noise

- Figure 24 shows Artemis noise spectrum levels by Arase et al.
for frequencies of 225, 450, 900, and 1400 Hz as measured with an omni-
directional hydrophone. The scatter of the mean levels about the smooth
lines are relatively small; this indicates a good correlation between the wind
speed and ambient noise levels. The standard deviations of the mean
noise level are small at the high noise levels and larger at the low noise
levels. This is attributed, by Arase et al., to the presence of system
noise {only in the 900 and 1400 Hz bands) and to the possible presence of
undetected noise sources. V

Figure 25 shows a set of curves (by Arase35) of ambient neise spec~
trum levels versus wind speed and sea state as observed during 1963-1965;
the corresponding values of Beaufort wind force have also been added. The
curves shown are in reasonably good agreement with those of Figure 24
and Figure 4 and Wenz'519 wind speed - noise curves: Figure 26 and
A, D. Little'slo curves.* (See Table X for another compariron of
wind speedsand noise levels.)

Referring back to Figure 19 note that the mean estimate of wind
speed derived from the Atlas)’8 data is 11 knots; this falls within the
Beaufort wind-force number 4 which is the same wind-force number esti-
mated for the measured Artemis data. Using the wind-force Beaufort

No. 4 the anbicnt noise level is estiinated as -36 dB/lpbar for a frequency

* Sce Figure 27,
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Total

Average

Table X

Some Comparisons of Wind Speeds

and Respective Noise Levels

Reference 22 Reference 28
Wind Noise at Wind Noise at
Speed 446 Hz Speed 400 Hz
Knots  dB bar © Knots 4B bar

18,5 -28 15.- -36

19 -26.5 17.4 -32.6

18.5 -30.5 - -

16.5 -30.5 15.- -30.5

13 -34,5 T 17.5 -34.7

12.5 -35 ’ - -

12,5 -36 - -

10 -37 1.5 -39,5

10.5 -32.5 . -

16 30 - .

18.2 -30.5 - -

.8 -28 17.4 -37.8
170.7 379 ~ 89.8 210,78

14.2 -31.6 14.97 -35,13
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of 400 Hz. If we use the peak value as the wind speed of 11 knots, we

find the ambient noise level to be =37dB/1 ybar. This is about 3 to 4 dB
lower than the value shown by Weigle and Pcrrt.me6 (see Fig. 7). It may
be concluded that wind-generated noise estimates for the Artemis area are
within 3 to 4 dB of measured noise levels, This is reasonably close enough

for estimating wind-generated noise levels, (C)
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PREDICTION OF OCEANIC TRAFFIC NOISE

The magnitude of oceanic traffic noise that may be expected ata
particular hydrophone receiver array will be determined by the average
transmission loss over the underwater path, the number of ships, and
the distribution of these ships. Although the noise source characteristics
depend on the nature of the ship source, the base is so broad for a larger
number of ships (ten cr more) that the individual source di[fgrences blend
into an average source characteristic. This oceanic traffic noise is a
significant element of the observed ambient noise at frequencies below
178 Hz; below this frequ:ncy the observed ambient noise is not strongly wind
dependent. At higher frequenciesr such as 200-500 Hz the oceanic traific
noise may also be signifibcant at low wind speeds, say below 5 knots.

For most surface ships, the effective source of the radiatec nolse is
between 10 and 30 ft below the ocean surface. Up to frequencies of 50 Hz,
the source and its image from surface reflection operate as an acoustic
doublet; noise is radiated with a spectrum slope of +6 dB per octave relative
to the spectrum of the simple source.

19

Wenz" ’ obtains some notion of the probable shape of traffic noise
spectra by Jeriving the curves shown in Fig. 27. The variations in the

spectra caused by differences in source depth and differences in the attenuation
at different ranges are indicated by the composite set of curves. The effect

of source depth at low frequencies is shown by the curves numbered (1) for

a depth of 20 ft, and (2) for 10 ft, The choices of source-noise spectrum

shape, based on the data recorded by Dow, 36 are described in terms of the

slopes of the sound-pressure-level spectra. The resulting curves are
bl
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Fig. 27 Traffic-noise spectra deducad by Wenz
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defined as follows: (A) -6 dB per octave, (B) 0 dB per octave up to 100 Hz,
and (C) 0 dB per octave up to 300 Hz and -6 dB per octave abuve 300 Hz.
The change in the spectrum ;hape as the range varies, due to attenuation,
is shown by curve (3) representing a range of 500 miles, curve (4) a range
of 100 miles, and curve (5) a range of 10 miles. The spectrum corres-
i;onding to a particular set of conditions may be found by following the curves
identified by the relevant numbers and letter. For example, the curve 1 B4
is the spectrum form which would be obeerv:zd at 100 miles from a source
located at a depth of 20 ft, and whose spectrum is flat up to 100 Hz and
decreasgses at 6 dB per octave above 100 Hz, .

Note that the source spectrum shape is altered in transmission by
the frequency-dependent attenuation* part of the transmission lossa, Wenz19
in his derivation of the curves of Fig. 27 uses Sheely and Halley's attenua-

tion factor of 0,066 f3/2

dB per nautical mile, where { is the frequency in
Hz. At long ranges the attex.mation increases rapidly with frequency above
500 Hz.

38 that experimental results {rom long-range

It has been shown by Hale
transmission in deep water do not {it the free field, spherical divergence
law very well; better agreement with experiment is shown to result if the
boundaries and sound velocity structure are taken into account,

Table XI is from Weigle's and Perrone's report6 on ambient noise

in the Artemis area; the table shows the results of two studies39'4° of ship

traffic density that are pertinent to the Artemis area. (C)

*
This does not include spreading loss, which is independent of frequency.
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Table XI

Comparison of the Studies on Ship 1'raffic Den:‘i!:y6

(nl::::‘i%:‘:l No. of Ships Per Degree No. of Ships Per 60 Degree Sector
miles) Reference 39 Reference 40 Reference 39 Reference 40 °
0-150 017 . 055 1.20 3.31
150-250 . 017 120 1.02 7.25
250-350 .130 . 224 7.80 13,44
350-450 .300 . 320 18,00 19.21
450550 .350 . 460 21,00 . 27.61
550650 ;500 . 541 30.00 32.47
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From the data of Table XI when they are equally weighted, there is
obtained an expectation of 1,51 ships/degree in the Artemis sector and a
mean ship range of 475 miles, (C)

In the 60-degree sector of major interest there are then a total of
103 ships at a mean range* of 475 miles. Each of these ships is considered
as a noice em\.\x-ce36 with an output level at 1 yd of approximately
63 dB//1 pbar/Hz + 10 dB  at 100 Hz and wit}} a spectrum slope of -6 dB/
octave, A power addition of the outputs of 100 ships results in effective
source levels of approximately 83 dB//1 ybar/Hz at 100 Hz and 77 dB//1 ubar/
Hz at 200 Hz. (C)

Long-range acoustic loss measurements at 400 Hz of the Artemis
receivers indicate a total expected loss of approximately 122 dB from a
range of 475 milea. The attenuation portion of the total loss for 400 Hz amounts

41 which leaves 108 dB for propagation losses exclusive of

to 13.7 dB
attenuation, According to 'I‘hm'p.41 the expected attenuation values over

the 475-mile range for 100 and 200 Hz are 1.7 and 4.8 respectively. There-
fore, the expected received traffic noise level at the Artemis receiver

field is approximately -26.7 dB//1 ybar/Hz at 100 Hz and -35.8 dB//1 ubar/Hz
at 200 Hz, and -51 dB// | pbar/Hz at 400 Hz. (C)

(C) Figure 28 compares these valuee up to 200 Hz with the mean noise
levels measured at the Artemis receivers under the lowest wind speed
condition (0-5 knots), It is noted that Fig. 28 shows level differences up

to 4.5 dB and some slope differences. However, Weigle and Pe:n-one6

contend that the agreement is well within the uncertainity of the ship's source

*

In general, we cannot take average range as typical, since propagation
loss (in dB) is not linear with range; e.g., for 500 miles at 400 Hz the
convergent zone transmission loss is 117 dB.
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level estimates and that this tends to support the thesis that ambient noise
oktserved at low wind spceds in this frequency range has its origin in distant
ocean traffic. (C)

Figure 29 presents A. D, Lit.le Co. '828 idealized average ambient
noise spectra based on the dominance of shipping noise below 200 to 300 Hz
and cf sea noise above this frequency region. Using the curves of Fig. 29
<ve may iroughly approximate"l the ambient noise, at any location and at
any season, by selecting the appropriate shipping and sea noise curves and
blending them together in the middle frequencies, (C)

Table XU indicates *he shipping noise curves corresponding to some
ocean areas and seasons of the year. The list is limited in the number of
areas indicated; also the seasons are not indicated for some of the areas
p. obably because of lack of data for all seasons.

Note from Table XII and Fig, 29 that the shipping noise curve, for
the remc e parts of the Atlantic, varies from as low as "C' in the summer,
to as high as "E'" ip the winter; the "D curve may be considered to be close
to the average for the year. Around Bermuda, the levels run about a half
letter higher. . the coastal areas (where shipping lanes are important)
the average level is between "E' and "F.'" Curve G is the highest level
of shipping noise th>t could occur; however, this may be representative of
Ynear ship noise' in which the individual ships are close to the receiver
arrays. (C)

In very quietrareas, emote from shipping, the levels are as low as

curve "B" or curve "A. "

*
The uncertainty of ship noise level is about 10 dB.
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Table XII

Underwater Ship Traffic Noise Types in Certain Areas

Eleuthera
Eleuthera
Eleuthera
Bermuda
Bermuda
Bermuda
Very deep SE Bermuda
Very deep W Bermuda
Pyerto Rico
Grand Turk Island
San‘Salvador
Lesser Antilles
Lesser Antilles
Capes May and Hatteras
Nantucket Area
North of Seattle
Cape Mendocino
Capo Blanco
Tongue-of-the-Ocean
New Zealand

Bearing Straits

-69-

Season
Average
Summer

Winter
Average
Summer

Winter

Fall
Fall

Winter
Summer

Spring
Summer

Fall

28

Curve Type
D

CtoD

Dto E

EtoF

Eto F
Eto F
CtoD

EtoF

Bto C
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The curves in Fig. 29 ars useful in roughly estimating average
oceanic traffic noise, sea noise, and the composite noise levels. However,
such estimates are only a rough approximation. For more accurate estimates
of averages it is necessary to incorpurate any available experimental data,

and ship traffic data for a particular area of interest.
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PREDICTION OF BIOLOGICAL NOISE LEVELS

It is difficult if not impossible to predict an average level of bio-
logical noise for any avea. Noise {rom marine animals is very variable
in spectral and temporal characteristics; the atatistics of such noise
involve a nonstationary process, The magnitude and other characteristics
of such noise will vary by area, year, season, and time of day. Also,
while many types of marine organisms arz known to produce sound, it
has not been possible to relate all the sounds heard to the particular marine

animals that make them.,

1. Marine Animal N5, '~ Coastal Areas
In coastal waters two types ¢/ : .l a*.ir 2lr, snapping shrimp

and croakers, appear to be the most likeiy snur>. 8 ¢ biological noise.
Shrimp are common in shallow, hard-bottomed t. ... water, whereas
croakers occur in such areas as Chesapeake ar < «¢.er east coast bays;
croakers occur to a lesser extent on the Pacific coast. Figure 30 shows
some typical ambient-noise levels produced by croakers and snapping
shrimp;4z these levels will vary according to time of day and season cf

the year. In general one might assume that marine biological noice pro-
duced in coastal areas is not of concern to deep water surveillance systems.
However, some deep water hydrophone receiver arrays may be located near
a coastal area where propagation conditions might favor the reception of shrimp
andcoastalnoise. This means that location of receiver arrays for deep water
surveillance systems should not discount entirely the effects of marine

animal noise from relatively close (i.e., propagation-wise) coastal areas,

.71-
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Fig. 30 Ambient-noise levels produced by croakers and snapping
shrimp.
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Other sources of marine animal noise in coastal waters have been
attributed to mussels, barnacles, sea urching, toadfishes, and catfishes.
Cetaceans (whales and porpoisces) sometimes occur in coastal areas; however,
since cetaceannoise is more prevalent in some deep water areas it will
be discussed separately in the next paragraph. For a summary of the char-
acteristics of various marine animal noise sources in coastal areas see

Table XIHI,

2, Marine Animal Noise in the Deep Ocean

In the deep ocean the chief noisemakers are the cetaceans, (i,e.,
whales and porpoises). In general, the cetaceannoise signals produce
temporary changes in noise levels; that is the sound making is not a con-
tinuous noise. However, in many instances the cetacean signals are of
sufficient amplitude and duration to raise the ambient noise level past
tolerable limits,

In the Artemis area it was founa?? that noise limiting occurred
about 70% of the time during a 12-hour period of intense activity. This
may be expected on breeding or feeding grounds where cetaceans may tarry
and congrerate; in such instances, it may be said that sound making may
be continuous over a continuous period of time. Noise from whales appears
to be a seasonal prculem with the worst conditionsg, in the Artemis area,
persisting over the last three or four weeks in April. Greatest whale
noise occurs from dusk to dawn during the period of whale activity. Whale
noise of large magnitude has been found to occur in the 224, 446, 891, and
1414 Hz frequency bands (refer back to Fig. 3), the noisest of the four fre-
quency bands being 224 Hz, Whale-noise to sea-noise ratios ranged toa
maximum of 27 dB; ratios of 8 dB were the most frequent, (C)
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Publications giving estimates of whale (and shark distributions) are
listed as references 23-26 and 43, From such reference sources one may
estimate the areas, expected magnitudes, and frequency of occurrence of
whale-noise sources.

The riagnitudes of whale noise should not be added in with the ambient
noise level due to sea state and oceanic traffic to provide an average median
yearly level, * However, the limiting effects of whale noise should be noted
for certain times of the year and for certain ocean areas; this may be

important in the selection of underwater receiver array sites,

* . :
The whale noifes are not continuous in nature and they are very
seasonal in occurrence.
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ESTIMATING THE COMPOSITE BACKGROUND
OF AMBIENT NOISE

To determine the magnitudes of the ambient noise background levels
in a particular ocean area it is necessary to estimate and combine the
noise levels of the various contributory noise sources. In some instances
one may only be interested in estimating the yearly median noise levels;
however, in the evaluation of surveillance systems we also need to esti-
mate the seasonal and monthly median levels; we may even need to consider,
in the final analysis, diurnal noise Jevel variations and such short term
variations as hourly and sporadic variations, The difference between the
yearly and monthly medians may be as much as 30 dB. There may also be
certain days during the year, or hours during the day, where a surveillance
‘blackout' may occur due to a sudden onset of high noise levels; for such
cases 1t is important to indicate the percentage of time in which a "blackout"
could occur.

Sup;;.ose we are required to compare the effectiveness of some sur-
veillance receiver arrays that are to be emplaced in a particular ocean
area. The first step is to estimate the ambient noise background levels.

Agsuming that the ambient noise background is the significant factor,
we need to specify as much of the noise characteristics as possible, As
an illustration a set of typical data sheets (Table XIV) has been prepared
as an example. The particular ocean area in this case is he Artemis
area off Bermuda; here we draw on the results of experimental measure-
ments over a period of several years. However, in other ocean areas

where few (or no) measurements have been made, we have no choice but
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to rely on indirect methods of estimating noise levels, For example we

18 to estimate the wind forces

could use the Oceanographic Atlas charts
and then deduce the noise levels; or we could use ship traffic data to esti~
mate the average oceanic traffic noise. When using indirect means of

estimating noise levels, we identify them by an asterisk (¥).
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DIRECTIONAL PROPERTIES AND SPACE TIME
OF AMBIENT NOISE

Space-Time Correlations
Some recent papers of interest on the subject of space-time corre-

lations of ambient noise are by R. J. Urick, 34 E. M. Arase, T. Arase.s’ 14

W. Liggett, M. Jacobsor&,46 and D. Lytle, P. Moose.47

Urick hypothesizes an admixture of two different noise types ina tmix!t
that depends on sea state and frequency. In the Urick study time-delay
correlograms were obtained in two frequency bands (200-400 Hz and
1-2 kHz), over a range of wind speeds and hydrophone separation; a 40-
element vertical array was used at Bermuda. The hydrophones were ata
depth of 14,500 ft.

Figure 31 shows ambient-noise correlograms in the octave 200-400
Hz for a number of different separations and wind speeds. The autocorrelo-
gram from a single hydrophone, with paralleled inputs to the correlator, is
shown at the bottom of the figure; in the sequence above, it corresponds to
a separation of 0 ft. Figure 32 is a similar set of correlograms for the
octave 1-2 kHz.

The correlograms fall into twa broad classes. Referring to Fig. 31
(200-400Hz), the correlograms at a wind speed of 4 knots show a high
peak value that remains nearly centered at 0 delay, even for the highest
separation of 23.1 ft; these are called Type 1. At wind speeds of 25-30
knots, the correlogram peak diminishes in amplitude and moves outward
in time delay a8 the separation increases. These correlograms are called

Type 1I. At intermediate wind speeds, the correlograms suggest mixtares
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Fig. 31 Timae delay correlograms in the octave 200-400Hz for 4,
various wind speeds and vertical hydrophone separations.
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Fig, 32 Time delay correlograms in the octave 1-2 kHz for
various wind speeds and vertical hydrophone separations.
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of the two basic types. In Fig. 32 (1-2 kHz), the correlograms are all
Type 1I, except possibly at the 4-knot wind speed. Figure 33 shows the
distribution of the two correlogram types on a plot having wind speed and
frequency as coordinates.

In terms of the ambient noise that generates them, Urick interprets
the correlograms as indicating two different kinds of noise. The noise
generating the Type I correlograms is interpreted as arriving horizontally
at the array; it maintains a high coherence at 0 time delay over relatively
large separations in the vertical, One source of this noise is ship traffic
many miles away. This noise is -lominant at low frequencies and low wind
speeds (Fig. 33), Type I noise™ is postulated to originate at the sea surface,
and to become the dominant source of noise at high frequencies and high
wind speeds. Figure 34 is a diagrammatic visualization of these two kinds
of noise,

The evidence that the Type II noisc originates at the sea surface is
sought in a comparison of the theoretical correlation of sea-surface noise
with the observed correlograms. The correlative properties of sea~surface

45,46 by

noise have been investigated by Edie, 44 Liggett and Jacobson
Lytle ard Moese.47 Figure 35 shows a comparison between contour maps
of correlation coefficient plotted against normalized time delay +/(d/c) ,
where T isthe time delay, d the distance between two vertically
separated receivers, and ¢ the velocity of sound; and against normalized

separation d/’l‘g , where 'I'g is the geometric mean wavelength of the

frequency band considered. The contour map on the left is computed

%

This type of noise (Type II) has a much lower correlation coefficient because
the noise gource is distributed over an area that is orthogonal to the vertical
axis of the hydrophone module.
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Fig. 33 Corralogram types as dependent on wind speed and
frequency.
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Fig. 34 Simple visualization of two kinds of ambient noise. 34
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theoretically by Edie for a 1-octave band of white noise, with cos2 <]
intensity-radiation pattern, from each elemental radiating area of sea
surface, corresponding to a surface distribution of dipoles, The right-
hand contour map is drawn from the values of the clipped correlation
coefficient read from the 1- to 2-kHz correlograms of Fig. 32 for a wind
speed of 25-30 knots. The similarity of the two patterns indicates that
the interpretation of Type Il noise as having a sea-surface origin may be
valid,

Urick shows how such correlograms may be used in array design to
discriminate against ambient noise by working out the following example.

(1) Example: To compute the improvements in S/N ratio tote
expected from a 4~clement, linear additive vertical array of equally spaced .
elements 5 ft apart, the ambient noise environment is said to be-identical
to that at Bermuda. It is assumed that the signal is perfectly coherent,
with unit correlation coefficient between all elements of the array for all
steering directions,

The array gain (AG), in decibel notation, is defined by:
" AG = 10 log [(s/N)/(5/N)] n

where (S/N)o denotes the ratio of signal power to noise power at the output
of the array, and where (S/N)1 is the same ratio at the output of a single
element. Then for a linear additive array of n identical elements,

the array gain is shown to be .

AG = 10 log .}__51 21 (ps)ij/jz_-l 121 (P

J

(2)

)
-84~
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where (Ps)ij is the cross-correlation coefﬁci’ent. or normalized time-
averaged product, of the signal between the ith andthe jth element

of the array, and (pn)ij is the crosa-correlation cocfficient of the noise.
In taking the p's , the tirne delays needed to L teer the array in the direc-
tion of the sighal - and so maximize the numerjtor - must be included.

By the assumption of perfect signal coherence in the example chosen,

(Pa)iJ =1 forall i,j the numerator in the above exproesion reduced to
n? . Inthe denominator, the various (pn)_'s are determined by the spatial
coherence of the noise background. ]

Figure 36 shows the clipped correla.’:tion coefficient of the ambient
noise at Bermuda plotted against separatién distance d in feet, ag read
from the correlograms for the 200~ to 40,(5-Hz band, Carrying through the
double summation in the denominator of t)he array gain expression, using
values of p from the same figure for values of d equalto5, 10, and
15 ft, one finds for horizontal steering an array gain of 1.5 dB at a 4-knct
wind speed and 6,2 dB at a 25~ to 30-knot wind speed; for a steerix-xg angle
of 60° to the horizontal, the array gain is computed to be 5.6 dB at 4 knots
and 2.9 dB at 25-30 knots, 7

Urick states that if unclipped, rather than clipped, correlation
coefficients were used in the computation, only slightly different values
of array gain would be found. * With horizontal steering at the low wind

speed, the array gain is low because of the high noise correlation at time

delays near 0 corresponding to the horizontal steering direction. At the

* However, C. N, IF’rym.-48 in a recent paper also shows that an error
in apparent signal-arrival time may occur when a clipped array is used in
nonuniform noise field; and that this error may become large enough under
some conditions to limit the usefulness of clipped array processing ina
nonuniform noise field.
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60* steering angle at the high wind speed, the array gain is also low
because of the coherence of noise at time delays corresponding to this angle.
The above values may be compared with the array gain of 10 lc.g4 = 6dB
that would be found with uncorrelated noice. This exaraple illustrates the
precept that the gain of a linear additive array depends upon the correlative
characteristics of the signal (here assumed perfectly coher=nt) and of the
noise environment in which the array must operate.

The ambient noise correlations for the same 40~clement vertical
array at Bermuda is interpreted by the Arases14 in terms of sca surface
noise radiated with an intensity proportional to cos™e ; where n =0, %, 1, 2
for different ranges of sea state and frequency. The Arases used a simple
model 'proposed by Cron and Sherman49' 50 which is similar in concept to
'I‘alham'ssl description of measured noise directivity. Figure 37 illustrates
the concept of surface and volume noise models; Fig. 38 shows the geometry
for the volume noise model; Figs. 39 and 40 show the geometry for the surface-
noise model with one receiver and two receivers, respectively,

In the surface-noise model a uniform distribution of noise sources

is assumed on the surface of the ocean with an intensity radiation pattern:

g'z (a) = cosznq

where a is the angle from the vertical, An equation for the cross-correlation

49,50 The distance d between

coefficient was derived by Cron and Sherman.
receivers was assumed to be small compared to the distance from the
receiver to the ocean surface. The effect of bottom reflections on the

correlation function was neglected for distances larger than 5 wavelengths
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Fig. 37 Volume and surface noise model».49
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Fig. 38 Geometry for volume-noise model.‘ﬂ
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from the bottom; also, a constant sound velocity ocean was assumed. Radia-
tion from the same noise source is assumed to correlate, while only the
intensity adds for noise from different sources. For time delay r ,

angle between the line joining the receivers and the surface, at a single
Y 3 8

circular frequency w , the space-time correlation coefficient was found
to be:
w/2
f gz(u) tangq cos (kdsinycos g - wvr)da
pldr,y) = 2 > (3)
2
j/ g (a) tanada
]

Since noise is distributed in frequency and is filtered to obtain samples in
frequency space, it is necessary to integrate over the frequency range.
A summary of the equations used for horizontal and vertical receivers by

the Ax'asesl‘1r is given below for a flat spectrum between frequencies fl

and fz . This is in a slightly differe.t form from that of Refs. 52 and 50
to make it more convenient for machine computation. The notation used was:
f
=3, = I8 . p2. 2
y = X $ = d i b= fl

where ¢ is the velocity of sound and X\ the wavelength. The case
¢ = 0 corresponds to zero time delay.

For vertical receivers, with flat bandwidth Eq. 3 becomes:

Pn (y, v I, b) - “_yx(:;:_{) {1 _(,%(ZTH\;_)I_ {ain [va)’ (x-¢)] - sm[%!;l (x-.p)]} dx  (4)

for n % and y >0

-1V
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For horizontal receivers, with flat bandwidth Eq. 3 is therefore:

n, Zgyb I (x)
Py W 0. b) = 2ol —9;‘— cos x ydx (5)
Zwyib-g Ty x
b
1 1 1/2 -
for n=0.i,l... and (m+-2-)!=(tr)/ —l-—?\—nlgm"—ll
y>0 .

Note that the case for n = 0 corresponds to omnidirectional surface
sources which violates a boundary condition that at a free surface the sound
pressure is equal to zero. However, ‘I‘alham51 suggests another function
which approximates the case for n =0 ; the results are not said to be
significantly different.

a. Corzelations for Horizontal Elements

In the Artemnis experiments by the Arases, 14 the spatial correlation
was measured with horizontally separated hydrophones at 22, 32, 45, and
63 Hz for various sea states. The experimental values corrected for clipping
are given in Figs, 41 through 44. Here the frequencies corresponding te the
-3 dB points of the filter response had a ratio of 1.7 (except for the 400-Hz
filter, where this ratio was 1.3); the actual response was therefore
approximated by white noise within this frequency range and the theoretical
curves were computed using Eq. (5) for n=0, —é—. 1, and 2 . These
curves are compared with the experimental points. With one exception, all
the data taken, namely at sea state 2 (SS2) and 3, for 22 Hz and 45 Hz; at
sea state 1/2, 3, and 5 for 32 Hz; and at sea state 2, 3, and 5 for 63 Hz,

fit the theoretical curve computed on the basis of omnidiructional surface
-91-
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Fig. 41 Experimental values of the spatial correlation compared
with the theoretical curves for radiation pattern cosfq
at 22 Hz and horizontal separation.
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Fig. 42 Experimental values of the spatial correlation compared
with the theoretical curves for radiation pattern cosfgq
at 32 Hz and horizontal separation.
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Fig. 43 Experimental values of the spatial correlation compared
with the theoretical curves for radiation patte.n cceBlg
at 45 Hz and horizontal separation,
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Fig. 44 Experimental values of the spatial correlation compared

with the theoretical curves for radiation pattern

at 63 Hz and horizontal separation,
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sources, However, there is an excebtion at sea state 8 and 45 Hz; this
differs from all of the computed curves., The spatial correlation remained
positive and slowly decreased with spacing,

It is pointed out by the Araseﬂ14 that the space-time correlation
coefficient for horizontal spacing does not give any significant information
of the type of surface sources. From Eq. (3), it is seen that the coefficient
is symmetrical with respect to t=0 for fixed d , and the principal
maximum or minimum is in general located at the origin. The time
dependence itself is influenced greatly by the filter characteristics, which
are only rough approximations, Figure 45 shows the delay time dependence
of the correlation coefficient at 45 Hz spacing of dA = 0,2 for the various
models as compared with the experimental data, Note that the experimental
data lies approximately between the omnidirectional curve and the (cos n)l/z
curve.

b. Correlations for Verti-calL[quarated Elemeﬁts

VSpatial and space-time correlations were measured by the Arases
with pairs of vertically separated hydrophones at 250, 400, 500, 800, and
1131 Hz. The spatial correlations at these frequencies are shown in
Figs. 46 through 50 for sea state 5 at all the above frequencies and at
sea state 3 at 400, 800 and 1131 iz, The sea state 3 data show a greater
scatter in the experimental points and are not as reproducible as the sea
state 5 data. If the measured results are compared with the thz.egretical
curves computed from Eq. (4) for zero time delay (at 250 Hz and sea
state 5), a model of surface radiatc * with g(a) = (cos 0)1/2 appears to

fit the data. Here the reproducibility of the correlation coefficients is

-94.
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Fig. 45 Experimental and theoretical values of the space-time
correlation at 45 Hz and horizontal separation distance
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250 Ha .
|~ « 558 FEB 65
o8 * §53 APR '63 —1
.hw '/2
n=I
ne=2
40.4[— . —
3 A
‘\~ ‘ b ‘ 0
g T\ .
< .Jn -
' .
s
~0.4{— —
|- J | !
-08 05 .0 .5 2.0 2.8
L7
Fig. 46 Experimental values of the spatial correlation compared

with the theoretical curves for radjation pattern cosPq
at 250 Hz and vertical separation.

<95

UNCLASSIFIED




UNCLASSIFIED

.
0.8
400 He
i ®SS 3
4888
0.4} - ;
s 1
Iy I k e . nelip
K L] L/~ ~\. .
£ o |\ TN
5 —
< VAN o
h .
. ‘.‘:" nwi
-04r- ‘MA
-
n=2
. L} I T I N Y S |
08 04 0.8 .2 L8 2.0 2.4
d/a

Fig. 47 Experimental values of the spatial correlation compa:;‘ed
with the theoretical curves for radiation pattezrn cos™a
at 400 Hz and vertical separation,
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Fig. 48 Experimental values of the spatial correlatio- ~ompared
with the theoretical curves for radiation pat :. cosBq
at 500 Hz and vertical separation. 14
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Experimental values of the spatial correlation compared
with the theoretical curves for radiation pattern cosPg
at 800 Hz and vertical separation.
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Fig. 50 Experimental values of the rpatial correlation compared

with the theoretical curves for radiation pattern cosfg
at 1131 Hz und vertical sejaration, 14
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shown by the consistency of the data at the same sca state taken several
months apart. At sea state 5 and higher frequencies, a uniform distribution
of cos a radiators was found to agree best with the experimental points,
It is noted, however, that the measured results show a definite shift with
respect to the theoretical curve as the frequency increases. This is
illustrated in Fig, 51 on which the best {it curves to the experimental
data are given at sea state 5. This shift is explained in part by considering
the ambiant noise spectrum itself, Typical ambicnt noise sprectrum curves
decrease with frequency in this frequency range. The product of filter
response and ambient noise spectrum shitis the center of the response
curve to lower frequencies and effectively larger wavelengths; the equivalent
d/\ therefore would be smaller, '
The 400 Hz and 800 Hz measurements at S53 seem to indicate a
good fit tothe (cos 0)1/2 computed values. This is questioned by the
Arases because the time dependence of the correlation does not confirm
the fit, )
A typical time correlation at 400 Hz, sea state 3, and separation
d/\ = 0.4 is shown in Fig. 52, Here the agreement with the theoretical
curves is qualitative at best. The principal peak of the space-time corre-
lation is in general lower than the theoretically predicted one, and dis-
agreement increases with increasing time delay, The height of the prin-
cipal maximum is dependent on the filter characteristics; these character-
istics were only crudely approximated by the assumption of flat bandwidth.
However, the measured autocorrelation of a sample shown by the Arases
in Ref. 12 is said to agree well with that computed for a rectangular noise

gpectrum.
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The delay at which the principal peak of the space~time correlation
appears as a function of distance gives some information about possible types
of sources. For a radiation pattern of gla) = (cos u)l/Z , the principal

maximum occurs at

Trnax © (d/2c) for d<\ .

At and above one wavelength for the cosl/zq model, two principal maxima
occur; this was not observed axperimentally. Since at 250 Hz a wavelength
is about 20 ft, the data given in Fig. 53 at this frequency may possibly be
explained by the (cos n)l/z model. The data at 560 Hz, shown in the
sama figure, fit the cos a theoretical curve well. The same is said to
hold true for the results at 400 and 800 Hz, shown in Fig. 54, which was
given in a previous paper. At lower sea states the peak o'f the corre-
lation function does not seem to shitt with respect to delay time although
its height changes. This may be seen from Fig. 55 which gives the time
delay for the principal maximum as a function of separation at sea state 3
and 5 at 1131 Hz.

A summary of the results, by E. M. Arase and T. Arase, for
horizontal and vertical correlation measurements is tabulated in Table XV,

One of the most recent papers by E. M, Arase and T, Arase5 deals
with the mapping of the space~time correlation of ambient sea noise. The
space-time correlation of ambient noise in the ocean was measured with
vertical elements at a depth of 14,500 ft at 800 Hz and sea state 6. The
data are presented in the form of a map which shows the principal maximum

and zero axis crossings for cornparison with recent theoretical work. 46,47
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Table XV

Summary of Measured Horizontal and Vertical Correlations
for the Arase Model

Hydrophones

Frequency

Sea State

Possible Model

Horizontal Pairs

Horizontal Pairs

Vertical Pairs

Vertical Pairs

Vertical Pairs

22-63 Hz range

45 Hz

250 Hz
400 Hz and above

400-1131 Hz

-103-

121t 5

Uniform distribution
of omnidirectional
surface radiators

One of models fits
experimental data

{cos n)l/2 model

Uniform distributions
of cous a radiators
give good fit for spatial
correlations as well as
delay times, at which
the principal peaks of
the correlation occur

No satisfactory fits to
theoretical model
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Referring to a paper by Liggett and Jacoblon46 the experimental data
obtained from directivity measurements with a vertical array are fitted

with a directional noise field at the receiver, of the form:

N(O) = A e300 Al

where 6 is the angle from the vertical and A is a parameter that varies

according to sea state and frequency. The correlation of ambient noise

is then computed from this noiae field. In another paper (Lytle and
Moose47), a uniform distribution of surface dipole noise sources is
assumed. This model has been shown to give reasonable agreement with
experimental results at 400 Hz and at higher frequencies. However, until
the publication of Ref. 5 there were no experimental maps of the space-
time correlation. Figures 56, 57, and 58 are experimental maps of the
space-time correlation as given in Ref. 5. Figure 56 illustrates a map
of the space-time corrclation at sea state 6 for vertical elements and

800 Hz, with time delay Tt in milliseconds and the element separation

d "m feet c;r fraction of the wavelength \ as variables, Experimental
points for the zero axis crossings are connected by straight lines. Greater
detail from these measurements was not possible because the experimental
aceuracy decreases with increasing spatial separation and time separation
from the principal peak. The time separation is shown explicitly and is
reproducible to £0.1 msec at all separations. The shaded arcas corre-
spond to the negative correlations, the light areas to positive correlations.
All of the axis crossings lines show the general tendency and slope of the

line connecting the largest correlation peak. At sea state 6 and 800 Hz a
-104-
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Fig. 56 Experimental map of the space-time correlation of
ambient sea nnise for vertical elements at 800 Hz, sea
state 6. \\\\: Negative correlation, @;Zero. e: Largest peak.5
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value of A =3 inthe equation for N{0) scems to fit the directivity
data best. Only single frequency maps or those for a bandwidth of approxi-
mately 1.6 are given in Ref. 46. However, since the positions of the maxima
and zeros for small time delays are not greatly affected by the bandwidth,
the experimental results were compared with a bandwidth of 1,25 with
those of Ref. 46 with a bandwidth of 1.6 in Fig. 57. The units are
dimensionless; where ¢ = 500 ft/sec is the velocity of sound. In Fig. S8,
the experimental results are compared with the computed results for a
dipole model with white noise with a banuwidth of 1,25, From Figs. 57
and 58 it is suggested that the results for both theoretical models are
almost identical at small tc/d . Both of these fit the experimental data
qualitatively except at small spacings for the principal maximum and at
the location of the first 0 curve.
S TR PR TR
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APPENDIX A

Wind-Speed Distributions From Oceanographic Atlas

February Through December at 33* N, 67* W

18

UNC LASSIFIED




UNCLASSIFIED

60 wiee DEC
-~ - JAN
4 — FEB
[+
3
5 —
340
w
('Y}
% -
(72
g
20 —
n
o ~~i
° FIO0 N8 T DU NN U S SO |
2 Q %0 80 95 99.9¢9
PROB (XS x)
Fig. A1 Wind speed distribution from Atlasi® for December,
January, and Februavy.
60—
7]
E r—
=
2,00
=]
w
2 L
[
2
so0l~
L]
" - “"‘MAY -
o lllLlllJlLJ 4
3 99,99
PROB (xsn
Fig. A-2 Wind speed dis:ribution from Atlasl® for March,

April, and May.

A-~2

UNCLASSIFIED




UNCLASSIFIED

v e e ey

H o
(=] (=]
| I

x=WIND SPEED {KNOJS)
S
I

{

_ -
Iﬂ/wl|l¢1 11

Fig. A-3

Lol
10 50 ‘80 95 99.99
PROB (X=x)

Wind speed distribution from Atlasl8 for June,
July, and August.

B3 -
L] (=]
I |

x=WIND SPEED (KNOTS)
o
|

10 <« 9999

50 80 95
PROB (X =x)

Wind opeed distribution from Atlasl® for September,
October, and November.

A-3

UNCLASSIFIED

RSB g b




ARV S 9

IR

e e =

UNCLASSIFIED

-
=3
i

¥ - WIXD SPEED ixa0TS)
o
T
" I \l 1

»
o
T

o

0 80 98 (3]

PROD (Ys3y)

Fig. A-5 Wind speed distribution curve constructed from
average mean and standard deviation. January
through December, 23* N, 67° W, 18

-
o
!
J

§ | /
ﬁ aol= ~
I3 e
L P 4
.
*20 _./ -~
i 6 )

[T EL]
Ron (Y3

Fig, A-6 Wind speed distribution plotted as square rqgt
speed (July). 33° N, 67° W, 2544 samples.

- .
4| -

T 4
2 -
r .

° [J wee

Prnon’ten
Fig. A-7 Vind spoed distribution plotted as square root

of wind spoed (January), 33° N, 67° W, 2660
samples,

A-¢

UNCLASSIFIZD




[

o

1

|

q

%

t

4

1
.
{
1
;
13
{

Pl
3
1
4
:
8!
H

H

UNCLASSIFIED

APPENDIX B

Comparison of Artemis Noise Data with

Data From Other Areas
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Table B-1I

Measured Ambient Noise Levals and Corresponding

Wind Speed, Sea-State and Beaufort Force Numbers

Beaufort

Force No.

8

W e O~

-~

Sea
State

Arase Wenz
Wind Speed  Mean dB/A pbar  dB/A pbar
{knots) Knots for 400 Hz for 400 Hz
34-40 37 -28 -30
28-33 30 1/2 -29 -
22-27 24 1/2 -31.5 -
17-21 19 -34 -33
11-16 131/2 -36 -35
7-10 81/2 -39 -37
4-6 5 -41 -40
1-3 2 -44 -44
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{00 H2, 460 FM (BERMUDA)
REFERENCE 27, 28

©
(=3
a
i
w
@
@ ~40 - 1G]
{ A F— 400 Hz, 660 FM (BERMUDA )
. REFERENCE 27
) W Depth
. w Item Area Year FM Refs.
: -l * 1 Pac, Coast,Cape Mendocino 1956 795 28
a = 2  Pac, Coast,Cape Blanco 1956 748 28
5 3  Pac, Coast, N, of Seattle 1958 28
: x 4 Pac, Coast, N, of Seattle 1957 28
. = 5  Grand Turk Island 1953 350 28
; 8 6  Puerto Rico 1955 28
: a ~60— 7 San Salvador 1955 28
g (7] 8 Barbados 1955 1430 28
9  Antlgua 1955 850 28
10 N, E. of Eleuthera 1955 780 28
11 Cape May 1954 925 28
12 Cape May 1954 1300 28
= 13 Cape Hatteras 1957 28
i 14 Bermuda Abyssal Plain 1959 Very 28
Deep
: 15 Bermuda Abyssal Hills 1959 v 28
16 Bermuda - Artemis 1963 9
-80
Fig. B-1  Monthly variations of ambient noise near Bermuda

and other areas.
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Fig. B-5 Nolse spectrum level vs. frequency, wind speed,
and sea state.
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Fig. B-7 Monthly ambient spectrum noise level at 891.1 Hz.22
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400 Hz spectrum level measured during the year
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Fig. B-10 400 Fz spectrum levsl vs. wind speed during
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APPENDIX C

Excerpts and Data from D, F. Morrison's Repor253

on Noise Data Obtained frcm the Portland and
Bexington Underwater Test Ranges (England)

Systematic record compiled for last four years (1960-1964), Noise
apectrum levels measured regularly in each of 16 octaves from 1 Hz to
‘16 kHz.

Low-Frequency Hydrophone Unit: covered 1 Hz to ZOOAHz in
10 octaves.

High-Frequency Hydrophone Unit: ccvered 75 Hz to 75 kHz in
10 octaves.

Deep Range: Noise levels approached symmetrical distribution in
higher low-frequency octaves and most of high-frequency octaves, except
for tendency to '"tail" into the low noise levels. No explanation for skewness.
Octaves most affected by shipping interference are the lowest low»frequenéy
octaves (1 to 8 Hz); also lowest low-frequency octaves most susceptible to
long-range interference. (C)

Standard Deviation of Noise: 6 to 8 dB in 1 to 8 Hz band; 4 dB
over rest of bands. (C)

Coastal Range: On the average about 3 dB quieter than deep range
in the lowest octaves. Coastal range more susceptible to noise due to
waves breaking on shore. (C)

Shipping Noise Screened Qut: Backgrcound noise measurements

not taken when shipping was known to be interfuring: Variation in noise
levels in one day during ''quiet" weather is much less than the long-term
variation., (C)

C-1
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Results from the three nojse ranges referred to Knudsen curves:
for sea state 3 falls -13 dB//1 ubar at 50 Hz to =56 dB//1 ubar at 15 kHz. (C)

Portland Deep Range: (Fig., C-1) Taking noise level in an octave

to be that at the center frequency - the mean noise curves for all sea
states, referrcd to Knudaen sea state 3 curve, are within 2 dB over the
above frequency ange and coincide for large portions of it. (C)

Coastal Range: (Fig. C-2) Gives simi.ar characteristic or average
of 3 dB quicter, corresponding to Knudsen sca state 2-1/2. This is in
keeping with the parfially sheltered position. (C$

Bexington Range: Mean spectrum level for observed sea state 3

is, however, more nearly correspondent with the Knudsen sea state 4

curve, Higher mean level probably due to noise of surf on the Chesil Beach. (C)
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APPENDIX D

Wind-Wave Generation

A, W, Elunthorpa54 indicates that there does not exist a complete
thoory of wind waves for a number of very good reasons, The process of
wind-wave generation is non-linear and even in the steady state, non-linear
effects are present (such as white caps). The waves interact in complex
fashion with the wind, which is in itself a complicated function of space and
time. These waves propagate with little loss overI great distances and
undergo lossy reflections from shores. Statistical descriptiona must be
used but the process is non-stationary in time and variable in space. Results
obtained in water shallower than several wavelengths are affected by a drag
force imposed by the bottom; the wavelengths of interest are in tne range
of several hundreds of feet; so the expression ""shallo.y" in this context
is about 1, 000 ft. Results obtained from a ship are affected by the motion
of the ship.

Figure D-1 is a plot of a widely accepted theoretical power spectrum
for wind waves., The normalized form of this curve is due to Bx‘et:schm:ider;33
the wind-speed relationship is due to Pierson. 90 This is a scalar or one-
dimensional spectrum which would be obtained by the rise and fall of water
along a pole thrust through the surface. The corresponding vector or
two-dimensional spectrum would be a th1 ee-dimensional plot which included
arrival angles; there does not exist any precise vector spectra. There
is a fairly good agreement between the spectrum of Figure D=1 and empirical
results, There are also empirical data which indicate that at least the

first order statistics, that is the distritution function, are Gaussian.
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To round out this picture of the ocean surface and for subsequent
referance,Figure D-2 is shown as a plot of the rms amplitude (o) , of
the surface v- es. The curves of Figure D-2 are a calculation of what
would be fourd if the wavaes were observed through a rectangular high-pass
filter whose cutoff point in wavelengths is plotted as the abscissa. The
wine speed is also included as a parameter, and the wavelength corresponding
to the frequency at which the spectrum peaks (see Figure D-1) is included
as a matter of interest. Note that at a 2-knot wind there is no surface
wave energy at wavelengths longer than about 5 {t and the total rms
amplitude is about 0,028 {t: at 10 knots the cutoff wavelength is about
120 ftand ¢ is 0.7 ft. Since the acoustic wavelengths of interest here
range upward from 1 ft the inferance of surface wave interactions at

moderate wind apeeds should be obvicus.
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